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Introduction
Surface plasmons are collective oscillations of free electrons in the vicinity of metal surfaces. Their use for the fabrication of sensors and biosensors has been studied for several decades, focusing most of the studies, on the excitation of plasmons in thin films and nanostructures of noble metals (Homola et al. 1999; Schasfoort and Tudos 2008) . Many sensors have been developed employing different coupling systems (prisms, gratings and optical waveguides) to satisfy the dispersion relation of those waves in metallic thin films (Homola 2003) . With the advent of nanotechnology, the use of nanostructures has become more common due to the possibility of enhancing the sensitivity at the nanoscale, as well as the level of integration. In addition, the confinement of the electric field vibrations in a small volume can 3 be achieved by simpler coupling methods, what is an advantage for the design of the sensing platforms (Aćimović et al. 2014 ).
Many studies on the localized surface plasmon resonance (LSPR) of metal nanostructures have focused on gold (Au) and silver (Ag), whose resonance energies are found in the IRvisible wavelength range (Eustis and El-Sayed 2006; Viswambari Devi et al. 2015; Willets and Duyne 2007) . However, low melting point metals such as gallium (Ga) have been less studied.
During the last years, there has been an increasing attention to nanostructures based on Ga because of the wide tunability of the resonance energy from the UV to the IR spectral region, the simplicity of the preparation methods, the resilience of the metal plasmon to the oxidation in ambient conditions, the spectral splitting of its resonant modes due to the hemispherical geometries, and the dependence of the oscillatory modes on the polarization of the incident light (Albella et al. 2011; Wu et al. 2007 ). Thanks to those properties, their effective use have been demonstrated in different applications, such as Surface-Enhanced Raman Spectroscopy (SERS), fluorescence spectroscopy, and photo-induced degradation studies of biomolecules,
showing large UV local enhancement factors compared to Au or Ag nanoparticles (Yang et al. 2013 ).
One interesting feature of LSPRs is the possibility to enhance the sensitivity in optical sensing systems (Lodewijks et al. 2012; Michieli et al. 2015) . GaNPs present two oscillatory modes at different energies due to the hemispherical geometry of the NPs (Tonova et al. 1999 ).
Those modes give rise to two significant bands in the pseudodielectric function obtained by Furthermore, to demonstrate the possibility of using the RPH condition in Ga plasmonic structures for sensing purposes, an immunosensor for glutathione (GSH) is proposed. GSH is a small biomolecule, present in all living organisms, but predominantly in eukaryotic cells (Hedley and Chow 1994; Meister 1983) , which plays a critical role in numerous biological processes (Meister and Anderson 1983; Sies 1999) . Among the wide number of roles, intracellular redox balance (Gutscher et al. 2008) cancer (Lusini et al. 2001) , inflammatory (Ruan et al. 1997) , immune (Galera et al. 1996) , and metabolic diseases (Mayatepek and Jaeken 2012; Meister 1988) .
Some studies reveal reductions of GSH in the human body related to different diseases.
Typically, the GSH concentration is found to be 3.24 µM in plasma and 4.35 µM in serum (Galera et al. 1996; Morrison et al. 1999) . A reduction of 22% of GSH in plasma (from 3.24 µM to 2.46 µM) is found to be related to human immunodeficiency virus (HIV). On the other hand, a reduction of 26% of GSH in serum (from 4.35 µM to 3.20 µM) is found in patients of parental coronary heart disease.
In ulcerative colitis, tissue GSH levels drop about 54% in the mucosal-submucosal layer (from 614±126 to 283±71 nmoles/g wet tissue), and 52% in the muscularis externa layer (from 837±130 to 398±98 moles/g wet tissue) (Ruan et al. 1997) . For Crohn's colitis, the tissue GSH levels are found to be 337±139 nmoles/g for the mucosal-submucosal layer and 393±147
nmoles/g in the muscularis externa layer, involving GSH reductions of 45% and 53%, respectively.
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Although intracellular GSH concentrations in serum and plasma are in the micromolar range, GSH sensing in other applications may require higher sensitivity. Standard kits usually rely on spectrofluorimetry (Meyer et al. 2001; Xu et al. 2015) and ELISA (antigen-antibody recognition) and reach limits of detection around 0.1-0.5 µg/mL (0.325-1.625 µM). Other techniques such as electrochemistry (Harfield et al. 2012; Ndamanisha et al. 2009; White et al. 2002) , high-performance liquid chromatography (Lu et al. 2007; Vacek et al. 2006; Zhang et al. 2005) , gas chromatography (Kataoka et al. 1995) , or quartz crystal microbalance (Gerdon et al. 2005) have been employed enabling the detection at lower levels. However, all these methods have advantages but also drawbacks, such as less selectivity against other aminoacids or the time consuming characteristics, that make the analysis tedious and complicated.
In this work, an immunosensor for GSH is developed by functionalizing the GaNPs, previously deposited by thermal evaporation on Si substrates, with a GSH-specific antibody.
This procedure to deposit GaNPs on substrates has arisen as a cost-effective and fast process to produce intense surface plasmonic resonances (Hernández et al. 2010 ). The immunosensor is based on the quantification of the spectral changes observed in the pseudodielectric function obtained from spectroscopic ellipsometry around the RPH condition. The concentration of GSH is determined by exposition of this immunosensing platform to different concentrations of GSH from the nanomolar to the submicromolar range. The limits of detection achieved compare favorably with other methods for GSH determination.
Materials and Methods

Materials
L-reduced glutathione, 3,3′-dithiodipropionic acid di(N-succinimidyl ester) (DTSP), acetone, dimethyl sulfoxide (DMSO) and potassium chloride (KCl) are purchased from SigmaAldrich (St. Louis, MO). GSH polyclonal antibody (anti-GSH) is acquired from Abcam (U.K.).
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99.9999% pure gallium (Ga) is acquired from Goodfellow (England). All chemicals are used as received without further purification. All solutions are prepared with ultrapure water (18 MΩ•cm) obtained from a Direct-Q 3 UV Millipore purification system.
Gallium nanoparticles (GaNPs) deposition
GaNPs are obtained by depositing Ga on Si (100) 
GaNPs/Si surface characterization
The morphology of the GaNPs/ Si surface is studied using a field-effect scanning electron microscopy (SEM) at 10 kV with an Everhart-Thornley secondary-electron detector.
Fourier transform infrared measurements are performed in a FTIR Bruker IFS66v spectrometer with a diffuse reflection accessory.
Ellipsometric measurements are carried out by using a Jobin Yvon UVISEL spectroscopic phase-modulated ellipsometer in external reflection mode. Modulator and analyzer angles are set at 0 and 45º, respectively. Incidence angles between 70 and 45º and energies between 1.5 and 4.5 eV are used for the present work. The light spot has an elliptical shape with a 7.0 mm×4.0 mm size for an incidence angle of 70º, and a 6.6 mm×4.0 mm size, at 45º. 
GaNP/Si immunosensor development
GaNPs/Si based immunosensors are developed following the procedure previously described with slight modifications (García-Marín et al. 2014 ). Prior to the functionalization, the GaNPs/Si chips are carefully selected, by measuring the imaginary part of the pseudodielectric function (   i  ) spectra to have the same peak-to-peak amplitude and RPH energy. Then, the GaNPs/Si surface is functionalized with a thiol monolayer. For this purpose, the sample is immersed in a 4 mM solution of DTSP in DMSO and left overnight. This gives rise to the chemical modification of the GaNPs/Si surface with an "activated ester" termination, which can react with the primary amino groups present in the antibody, enabling covalent bonding through the formation of amide bonds (Darder et al. 1999; Wagner et al. 1996) . Then, the DTSP-modified GaNPs/Si surface is rinsed with acetone and blown with dry nitrogen. The next step comprises the immobilization of an antibody specific to GSH on the DTSPfunctionalized GaNPs/Si surface by incubation of the chip in 0.01 M KCl containing the antibody for 2 hours. Then, the chip is soaked into 0.01 M KCl solution for 1 hour to remove not covalently bound molecules of anti-GSH. Finally, the developed immunosensor chips are rinsed with deionized water and blown with dry nitrogen.
The optimal antibody concentration is studied by using increasing concentrations of anti-GSH and recording the energy redshift produced in
 which is proportional to the surface coverage. The resulting curve is optimally fitted by using the Langmuir isotherm equation (Equation 6).
Immunosensor ellipsometric response
GSH recognition is performed by incubation of immunosensor chips for 1 hour in aqueous solutions containing increasing concentrations of GSH between 50 and 800 nM. Afterwards, the surface is washed with deionized water and gently blown with dry nitrogen. After the 8 incubation step, the chip is re-measured in the ellipsometer to record   i  at the same conditions describe above.
Results and discussion
Nanoparticle characterization
Ga is deposited on Si(100) wafers as described in the Experimental Section. The average GaNP size can be controlled by the deposition time. The as-evaporated NPs on the Si substrate are observed using scanning electron microscopy (SEM). As can be seen in Fig. 1a , the Si surface is fully covered by NPs of different sizes. The NP coalescence process leaves behind a halo of smaller NPs between the largest ones, giving rise to a bimodal NP size distribution (Fig. 1b) . The mechanism for the formation of GaNPs is based on the Ostwald ripening process, which comprises the growth of large NPs from the smaller ones as the evaporation time increases (Campbell 1997) . The histogram shows that the number of small NPs strongly increases as the diameter reduces. The average size of the very small NPs remains fairly constant with the evaporation time. Furthermore, a high number of particles is found between 200 and 300 nm in diameter yielding an average size of 240 nm in that range. This average size changes with the evaporation time. The interparticle distance between the largest NPs is estimated to be around 80±30 nm. From the cross-sectional image (inset of Fig. 1a) , we observe that the NP contact angle on the substrate plane is close to 90º, giving rise to hemispherical shapes. This morphology results from the surface tension of liquid Ga on the silicon substrate, and it is preserved during the functionalization works due to the formation of a thin oxide film on the NP surface (Knight et al. 2015; Wu et al. 2009 ). 
Ellipsometric determination of potential amplification at as-deposited GaNPs
The experimental setup employed is represented in Fig. 2a . Ellipsometric functions psi    and delta    , for GaNPs/Si(100) systems are obtained in the 1.5-4.5 eV range and are defined through (Tompkins 1993) :
where is the ratio between the and reflection coefficients for light polarized parallel (p) and perpendicular (s) to the plane of incidence. The tangent of  is defined as the ratio between the reflection coefficients for the p-and s-polarization components of the reflected beam.  is the difference between the phase shifts for both polarization components. This parameter seems to have a relevant role for arrays of plasmonic nanostructures because of its large variation in resonant conditions, which makes it very sensitive to changes in the surrounding medium (Lodewijks et al. 2012) . In air ambient   1  n , the pseudodielectric function     is related to those parameters through: 
where  is the incidence angle. Real and imaginary parts of Equation 2 are defined in Equations 3 and 4, respectively (Tompkins 1993) . When it is extended to more complex systems, such as multilayers or material islands on a substrate, these functions account for the properties of the whole system from the ellipsometric viewpoint. In previous works on GaNPs systems, the   i  has been used to monitor the plasmonic resonance of these particles (Tonova et al. 1999; Wu et al. 2009 ). The spectra in Fig. 2b show the   i  as a function of energy for different average sizes of NPs, obtained at an incidence angle of 70º. Due to the hemispherical geometry of the large GaNPs, the spectra exhibit two resonant modes as two broad bands separated several electronvolts (Tonova et al. 1999 ). The high energy band is found in the UV/visible range, whereas the low energy band comes out in the visible/IR range.
Both modes follow a rather linear relationship between the resonance energy and the NP size (see Fig. S1 in Supporting Information to compare our results with other authors). In general, the resonance energy decreases as the NP becomes larger allowing the tunability of the resonance in a wide range. For the largest NP sizes (diameter > 90 nm; red, black and magenta curves in Fig. 2b) , the low energy modes are below the spectral range of our ellipsometric setup. Brewster's angle (70º) for different average sizes for the large NPs, estimated from SEM images.
As the incidence angle is reduced, a characteristic line-shape is observed in   i  between both resonances, but closer to the higher energy mode (Fig. 3a) .
To deepen into the understanding of the line-shape origin, the corresponding  and  functions for these incidence angles are also shown in Fig. 3b . As the photon energy increases, from 1.5 eV,  value decreases and a large phase variation in  can be observed associated to the retardation of the p-polarized component with respect to the s-polarized one. This variation yields a phase shift difference of 180º between both polarization components at high energies (around 3.00 and 3.25 eV, depending on the incidence angle), which gives rise to the RPH condition. For that phase shift difference, the reflected beam has a polarization vector that rotates in the opposite direction to the polarization vector of the elliptically-polarized incident beam. Between the energy of the  dip and the RPH condition (Fig. 3a) due to the reduction of the denominator in Equation 4. The closer to zero is this denominator, the larger is the peak- To study the influence of  and  functions over   i  at the RPH condition, Equation 4 is differentiated with respect to energy (E). The result is shown in:
where
and only depends on the incidence angle. A representation of Equation 5 versus the incidence angle is shown in Fig. 3c . E    values are obtained after differentiating  curves around the RPH condition (Fig. 3b) . As can be seen, the maximum value is obtained at 55º, following the similar trend observed in Fig. 3a , in which the largest variation of   i  with respect to the energy is observed at the same incidence angle. As can be seen, Equation 5 can be separated into three different parts: a ,
, and Fig. 3d shows the different trends as a function of the incidence angle. As can be seen, the line-shape shifts towards lower energies as evaporation time increases due to the larger NP size. The peak-to-peak amplitude reduces for evaporation times of 2.5 and 0.5 minutes. It is worth noting that samples obtained at evaporation times shorter than 0.5 minutes do not show evidence of the RPH condition in this spectral range.
Ellipsometric studies in arrays of small AgNPs (average sizes and interparticle distances of 11 and 3 nm, respectively) show a similar line-shape in   i  but with a lower peak-topeak amplitude (Verre et al. 2013) .
From these studies, it is concluded that, for sensing purposes, an incidence angle of 55º and evaporation times of around 2 minutes (average size of 240 nm for the large NPs, as discussed above) will be used to maximize the peak-to-peak amplitude around the RPH condition in GaNP/Si systems. In further experiments, we use two parameters: the maximum 14 slope around the RPH condition (θ) and the energy shift (δE) of that maximum after the modification of the surface. Both of them can be extracted from   i  spectra after its differentiation with respect to energy. 
Ellipsometric immunosensor based on gallium nanostructured surfaces
As it is described in the Experimental Section, the first step for immunosensor development consists in the functionalization of the GaNPs surface with DTSP.
Results shown in Fig. 5a reveal changes in both θ and δE parameters related to the chemical modification of the NPs surrounding medium. The strongest change in the   i  spectra is observed after the covalent bonding of the anti-GSH to the DTSP layer, as this biomolecule is considerably larger in size than the DTSP molecule.
In order to determine the optimal amount of the antibody in the immunosensing layer, samples are exposed to different concentrations of anti-GSH from 25 to 600 nM. Results are represented in Fig. 5b . As the anti-GSH concentration increases, the δE undergoes a larger redshift, proportional to the surface coverage, until reaching a plateau when the DTSP binding sites on the GaNPs are saturated. This curve is optimally fitted to a Langmuir isotherm using: nM is chosen for the final sensor preparation, since the value is in the plateau where higher concentrations would hardly improve the response, whereas lower concentrations could reduce GSH recognition sites and, thus, sensor sensitivity.
In order to assess the success of the GaNP functionalization with DTSP and the antibody immobilization, we perform FTIR spectra ( From this analysis, we can conclude that the GaNP surface has been successfully functionalized. It is worth noticing that the bands are weak because the DTSP and the antibody typically form very thin layers with thicknesses of a few nanometers. To evaluate the immunosensing response of the anti-GSH GaNP nanostructured surface, the sample is incubated in a solution of 100 nM GSH for 1 hour. After rinsing the sample with deionized water and blowing its surface with dry nitrogen, a reduction of the peak-to-peak amplitude in   i  around the RPH condition is found (Fig. 5a) . This reduction is easily quantified by measuring the slope at the RPH condition, θ. In general, this parameter has shown more sensitivity than the energy shift of the RPH condition to changes in the NP surrounding medium. The parameter is particularly useful for sensing a small biomolecule like the GSH. Therefore, the GSH sensor is developed from the variations measured in the slope of   i  at the RPH condition (δθ).
Unspecific bonding of the GSH to the DTSP-functionalized GaNPs is also studied. For this purpose, a DTSP-functionalized GaNPs without anti-GSH is immersed in an aqueous solution of 0.01 M of KCl for 3 hours. The ellipsometric response of this chip after its incubation with 400 nM of GSH for 1 h does not show any significant change. From this experiment, it can be concluded that the changes measured in the   i  spectra after incubation of the immunosensor in the GSH solution are due to the specific interaction between the antibody and the GSH.
On the basis of the above results, the immunosensor response to GSH is obtained following the θ changes caused by the GSH recognition through the active sites of the antibody. Different immunosensor chips, prepared by the same manner, are incubated for 1 hour in solutions containing increasing concentrations of GSH from 50 to 800 nM. The incubation time is chosen according to previous results obtained in a kinetic study performed between the same antibody and analyte, from which it was concluded that 35 min are enough to ensure that the binding process reaches the equilibrium (García-Marín et al. 2014 ). 18 g/mL) and 50 nM (0.015 µg/mL), calculated as the ratio between three and ten times the standard deviation of the background signal and the sensitivity, respectively. These values represent an improvement compared to the sensitivity of standard ELISA kits available in the market (see reference list), whose minimum GSH concentration detected is between 0.1 and 0.5 g/mL.
The repeatability is evaluated from the relative standard deviation (RSD) of three successive determinations with the same immunosensor. A RSD value of 0.4% is obtained.
The reproducibility for 400 nM GSH using three different immunosensors is 6%. Finally, the storage stability is studied, concluding that the immunosensor retains about 95% of its initial response after 8 days, keeping it under refrigeration (< 4ºC).
For the sake of comparison, a table including the results obtained by other GSH sensing methods is provided in the supporting information (Table S1 ). Our method compares well with those previously described. In general, those publications that report a lower limit of detection require two functionalization protocols, one for the sensing surface and another one for additional nanostructures that act as signal amplifiers. For instance, the methods described by Stobiecka et al. (Stobiecka and Hepel 2011) and García-Marín et al. (García-Marín et al. 2014) use gold nanoparticles to enhance the sensitivity after the previous immobilization of the analyte on the NP surface, which can hinder GSH quantification in more complex matrices.
Conclusions
In conclusion, the feasibility of GSH immunosensors based on the ellipsometric analysis of GaNPs/Si platforms around the RPH condition is demonstrated. This condition appears near the higher energy resonant mode of GaNPs, producing a characteristic line-shape in the imaginary part of the pseudodielectric function at energies of 2.6-3.5 eV under an incidence angle of 55º. The immunosensing chips are fabricated from GaNPs evaporated on Si substrates.
Obtaining these close-packed arrays directly by thermal evaporation without any additional treatment demonstrates the cost-effectiveness of this procedure.
GaNP surface is further functionalized with a layer of antibodies against GSH. A relationship between the GSH concentration and the slope in   i  at the RPH experimental conditions is found through its interaction with the antibody, providing limits of detection in the nanomolar range. It is worth noting that the use of these GaNP nanostructured surfaces could be extended to the development of different analyte sensors, such as DNA or proteins, by simply changing the recognition element.
